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Abstract 
In the present paper the authors discuss the effect of different fuel ratios on the performance and emission levels of a 
common rail diesel engine supplied with natural gas and diesel oil. Dual fuel operation is characterized by a diesel pilot injection 
to start combustion in an intake port premixed NG/air mixture. The combined numerical – experimental study of the dual fuel 
diesel engine that is carried out in this paper aims at the evaluation of the CFD potential to predict the main features of this 
particular engine operation. The experimental investigations represent a tool for validating such a potential and for highlighting, 
at the same time, the major problems that arise from the actual engine operation with different NG / diesel oil fuel ratios.  
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ATI NAZIONALE. 
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1. Introduction 
A viable solution to reduce emissions from diesel engines is represented by dual-fuel (diesel/NG) concept that 
relies on the use of natural gas as an alternative fuel. It can represent a valid choice to “clean” exhaust from a diesel 
engine, whose more dangerous emissions are NOx and particulate matter (PM). Particularly, the best results can be 
reached if the engine is equipped with an exhaust gas recirculation (EGR) system: in fact, a homogeneous 
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combustion regime (HCCI) requires, as widely recognized [1-3], the contribution of the inert contents in the oxidant 
for aiding the development of a smoother combustion process. 
The dual fuel operation is characterized by a diesel pilot injection to start combustion in a port premixed NG/air 
blend. In the best conditions up to 90% diesel oil can be replaced by NG. Critical aspects are at idle and low load, 
where poor combustion quality and high HC emissions usually occur, and at full output as well, where heavy 
knocking can damage engine. An important target that is reachable applying this technology is to approach the same 
efficiency of a diesel engine, but with globally lower pollutant emissions. Moreover, lower CO2 emissions are 
expected, since methane presents the lowest C/H ratio among all the fossil fuels. 
In the last years, the dual-fuel combustion system has been studied by many researchers [4-11] but it has not yet 
reached a great diffusion, essentially due to the HC and CO emissions that are higher than those of a conventional 
diesel engine, especially at part load. In [3] the authors propose a binary fuel blend in which two fuels with different 
autoignition characteristics allow a better combustion timing control in a HCCI engine. They optimize the chemical 
kinetic mechanisms available for n-heptane and natural gas. Maghbouli et al. [5] show the results of a numerical 
study of combustion and emission characteristics of dual-fuel engines using 3D-CFD models coupled with chemical 
kinetics while in [7] the authors investigate dual engine performance using variable LPG composition fuel by using a 
single cylinder.  
The combined numerical - experimental study of dual-fuel diesel engines that is carried out in this paper aims at 
the evaluation of the CFD potential to predict the main features of this particular engine operation. The experimental 
investigations represent a tool for validating such a potential and for highlighting, at the same time, the major 
problems that arise from the actual engine operation with different diesel fuel/NG ratios. In order to put into 
evidence the key phenomena that take place during the dual-combustion, say the typical flame propagation 
throughout the premixed methane-air medium that is activated by the early self-ignition of the diesel fuel, the fluid-
dynamic calculations are extremely useful. Initially, the authors [11] proceeded with a CFD based analysis 
independently of the available experimental data: this allowed them to refine the numerical study through successive 
steps and mainly to detect the most interesting benefits together with the most challenging problems that can be 
predicted by the purely numerical study, when considering increasing NG/Diesel fuel ratios.  
 
Nomenclature 
 
ATDC     after top dead center 
CFD computational fluid dynamics 
DF dual fuel 
EGR exhaust gas recirculation  
EOI end of injection 
EVO       exhaust valve opening 
FD full diesel 
HCCI homogeneous charge compression ignition 
IMEP       indicated mean effective pressure 
LHV       lower heating value 
NG natural gas 
SOI start of injection 
T0f  adiabatic flame temperature 
Dst stoichiometric air/fuel ratio [kg/kg] 
D actual air/fuel ratio [kg/kg] 
M fuel/air equivalence ratio     
 
2. Experimental study and results 
The experimental data, besides providing impressive indications on the dual-fuel operating engine, have been 
used both to set up the numerical model and to validate its results. The experimental activity has been carried out at 
Istituto Motori (CNR) on a common rail direct injection 1.9 l displacement turbocharged diesel engine (Table 1). 
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Table 1. Engine main characteristics for experimental tests 
 
                 Figure 1. Diesel injector command signal varying CH4 ratio           Table 2. NG composition and its main characteristics 
                              
  Fuel  properties Basic data 
Dst 15.73 
Ukg/Stdm3) 
LHV(MJ/kg) 
0.83 
45.83 
CH4(%vol) 
Ethane (%vol) 
Propane (%vol)  
Buthane (%vol) 
85.44 
8.38 
1.71 
0.47 
 
       
 
 Figure 2. Experimental Rate of Heat Releases by varying the NG ratio 
The engine can operate as a normal diesel engine (FD) or in dual fuel modality (DF). In the latter case it is 
fuelled by a homogeneous natural gas/air mixture that is ignited by a pilot diesel injection. In Table 2 the main 
characteristics of the NG used in the tests are shown. In DF operation, the engine does not require any hardware 
modification. For this reason the operation can be easily switched from FD to DF. In DF mode, the primary fuel 
(NG) is mixed with air into the intake manifold and ignited by a pilot diesel injection, like in an usual diesel engine. 
As a consequence, there are many ignition points from which combustion starts and then propagates in a way similar 
to a SI engine, but with the difference that all these front flame can interact. Therefore completely different 
combustion phenomena can be originated in DF operation. Generally at mid load/speed the best operation conditions 
are reached, while the most critical conditions are at low and high load. First, since the mixture is homogeneous and 
the diesel engine has not a throttle valve to control the torque output, at low load the mixture becomes too lean, so 
that the ignition limits are not reached. Therefore NG/air mixture does not allow any front flame propagations.  
These operating conditions are characterized by high THC emissions and low efficiency. On the other hand, at 
high power output the combustion conditions achieve a relevant improvement but, since there is at least one ignition 
start point for each diesel injector hole, the combustion speed can become so high as to induce knocking, despite of 
the high methane octane number (130). This behavior causes difficulties for an effective control of the DF 
combustion. At the same time, also a reliable numerical model can be very difficult to be set up. To improve the 
capability of simulation of the numerical tool developed at University of Napoli Federico II, the experimental data 
include the electrical signal that governs the injectors operation. In this activity such data have been basically 
Engine 1.9 Multijet 
Type 4 stroke  
Number of cylinders 4 
Valves /cyl. 
Bore (mm) 
Stroke (mm) 
2 
82 
90.4 
Compression Ratio 19:1 
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utilized as to detect the exact instants of activation of both pilot and main injections. This should allow much more 
accurate calculations of the heat release and therefore a better engine performance matching with the model results.  
An engine condition (i.e. 2000 rpm/100 Nm) has been tested varying diesel oil quantity from FD to DF up to 
90% of diesel replacement with NG. In Table 3 the injection timing is reported for each experimental operating 
condition. The electrical signals of the diesel injector at different test points are shown in Figure 1. Such trends 
allowed estimation of the diesel amount injected during both the pilot and the main injection period. In particular, 
from the analysis of Figure 1 in DF condition at NG max (90%) the two command signals for pilot and main are 
quite similar and, therefore, also similar quantities of diesel injected are expected. Since the total diesel oil in this 
condition is 2 mg/cycle (like experimentally measured), it has been assumed that the pilot amount is exactly the half 
one, i.e. 1 mg/cycle.  
 
Table 3. Pilot and main injection starting crank angle by varying CH4 ratio 
Test case                   Pilot                   Main  Fuel  (mg/cycle) 
 
 
SOI (c.a.)
 
EOI (c.a.) 
 
SOI(c.a.) EOI (c.a.)
 
Full Diesel 
CH4=3% 
CH4=6% 
CH4=9% 
CH4=12% 
CH4=19% 
CH4=28% 
CH4=38% 
CH4=50% 
CH4=62% 
CH4=72% 
CH4=83% 
CH4=90% 
341.5 
341.5 
341.5 
338 
338 
342 
342 
342 
342 
342 
342 
342 
342 
345 
345.5 
345.5 
345.5 
345.5 
345.5 
345.5 
345.5 
345.5 
345.5 
345.5 
345.5 
345.5 
362.5 
362.5 
362.5 
362.5 
363 
362.5 
362.5 
362.5 
363 
363 
362.5 
362.5 
362.5 
375.5 
375.5 
375.5 
375.5 
375.5 
372 
372 
374.5 
374 
373.5 
372.5 
371.5 
371.5 
20.792 
19.500 
19.292 
18.157 
17.606 
16.432 
14.552 
12.134 
9.851 
7.014 
4.582 
2.271 
1.009 
 
 
 
 
 
 
 
 
Figure 3.  Experimental mass fractions of polluting species 
The same test conditions have been retained at all the experimental points, by varying only the main injection 
duration and therefore the corresponding injected mass of diesel oil. In particular, the pilot law was not changed so 
that the advance and the diesel oil injected during the pilot period remain constant. Also the turbine set up was not 
modified, and therefore also air mass trapped was almost constant. Therefore during the tests only the diesel oil 
amount during the main injection was reduced and replaced by a corresponding quantity of natural gas so that 
engine performance level (load = 100 Nm and speed = 2000 rpm) did not change significantly. In the Figure 2 the 
rate of heat release is plotted for a better understanding of combustion development by varying natural gas ratio. In 
the CH4=90% case the start of natural gas ignition is anticipated with a sudden slope causing a formation of NOx 
certainly greater while the CO contents decrease (Figure 3). In Figure 4 the in-cylinder pressure cycles are shown 
varying the CH4 ratio. 
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Table 4. Engine Characteristics for numerical calculations 
Engine  3.0 Multijet  
Type 
4 stroke C.I.  
Common Rail 
 
Number of cylinders 6  
Valves /cyl. 4  
Bore (mm) 84  
Stroke (mm) 90  
Cylinder vol. displ. (cm3) 499  
Compression ratio 17:6  
 
 
            Figure 4.  Experimental pressure cycles at different CH4 rates 
3. Numerical study and results 
The computational activities aiming at simulation of the in-cylinder phenomena have been carried out by 
adopting the solver KIVA-3V [12], in order to examine the in-cylinder dual/fuel combustion process starting from 
experimental data and to explore the main characteristics of this new technology in terms of performance and 
pollutant formation. 
The related results are referred to a four stroke, common-rail, turbocharged diesel engine with possible external 
EGR (Table 4), whose available experimental data allowed a validation of the CFD based predictions for full diesel 
operation under a large variety of conditions. The feeding process is obtained mixing the primary fuel (NG) with air 
and introduced into the cylinder while a pilot diesel injection allows the ignition of the NG/air mixture. The choice 
of the dual/fuel solution has implied modifications to the injection law, starting from experimental split-injection 
laws defined by the manufacturer of the engine control system and proceeding with progressive variations of the 
duration of main injection to reach a more regular combustion when the diesel amount decreases. The fuel injection 
timing was determined in order to produce, in all cases, the auto-ignition at approximately the same crank angle. 
The profile of fuel injected is shown in Figure 1, in terms of injection current while in the Figure 5 the injected fuel 
mass calculated is reported to ensure that the injection law is assigned correctly for each calculation, so complying 
with the experimental mass/cycle values (Table 3). The Figure 6 represents the full computational domain that 
includes the inlet and exhaust ducts and valves. The cylinder and duct structured mesh was obtained by using the 
ICEM meshing tool. A multi-block structured Cartesian grid (the grid size independence was reached after with a 
mesh of 104000 cells, the cylinder and bowl volume discretizations being of nearly 58000 and 5000 cells 
respectively ) has been set up as a result of the mesh generation consistent with the valve geometry, as reported in 
previous works [11,13]. It is worth-noting that such a reduced mesh size produced, however, a fair convergence of 
the results if compared with those obtained with more refined grids, also due to the well known robustness of the 
KIVA3-V solver: this allowed the development of multiple numerical cases in a reasonable computational time. 
The CFD based solution includes the open valve periods and the computation of multiple engine cycles is needed 
to reach the numerical convergence to the periodic regime: in this way the liquid spray-air interaction is studied 
within a flow field generated by the previous NG/air exchange process. Similarly, the progress in a homogeneous 
formation of the NG/air mixture throughout the cylinder is accurately predicted. 
Prior to proceeding with the CFD computations, preliminary investigations have been carried out to determine 
the correct setting of the atomization models for characterizing the liquid spray pattern inside the cylinder. A reliable 
prediction of the early phases that lead to the reactant ignition plays a fundamental role for a correct prediction of 
the combustion development. Basing on this assumption, the authors have investigated [13] the spray evolution and, 
in particular, the atomization process, with the comparison of different break-up models implemented in the KIVA3-
V solver. The atomization models are experienced in the common rail, turbocharged diesel engine chamber, which 
is the object of the present study (Table 4) and the results highlighted that the WAVE model is the most appropriate 
for proceeding with the calculation of different operating conditions. The engine simulation includes the combustion 
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process in order to achieve an overall validation with experimental engine test data. Both the experiments and the 
numerical simulation have been carried out to define conditions for a smooth combustion development. In this 
sense, such activities can be intended as preliminary studies of the real HCCI operation. A combustion model to 
solve the natural gas ignition is added to the diesel injection and combustion models. In [11] the authors describe the 
self-ignition and combustion models used. 
 
Table 5. Thermo-chemical properties of CH4-diesel oil blends 
CH4% Dst fst T0f[K] LHV [MJ/kg] 
0 14.92 .0670 2311 42.00 
28 15.54 .0643 2290 44.23 
50 16.02 .0624 2266 46.00 
72 16.51 .0605 2237 47.76 
    90 16.91 .0591 2228 49.20 
 
 
 
                                                                                                                                           Figure 5.  The diesel oil: injected fuel mass  profiles                    
Table 7 summarizes the results of the CFD computations. The in-cylinder mean effective pressure reaches 
almost the same level in all cases, but a slight decrease is observed for increasing NG rates, with a consequent decay 
in thermal efficiency. On the contrary, a progressive increase occurs in the exhaust temperature and this would 
involve a different response of the turbocharging system when the dual fuel operation is accessed. As expected, the 
CO2 contents undergo a reduction when increasing the CH4 rate; of greater interest is the continuous decrease of the 
specific CO2 index, which puts into more impressive evidence the benefits from the dual-fuel concept adoption. 
The most significant pressure cycles calculated in the several numerical test cases are displayed in Figure 7. The 
results in this figure and in the following ones refer to the third computed cycle, when the numerical periodic 
convergence has been reached. The solid black line represents the first case without NG when the engine works in 
full diesel mode (FD case). Increasing the methane rate, the shape of the pressure cycles and the peak pressure 
positions and levels change, due to a different combustion development. The heat release rate varies with the 
different NG-diesel combinations as demonstrated by the fuel consumption trend shown in Figure 8: when the 
methane contents increases up to 90% higher flame speeds take place in the methane/air mixture and this explains 
the faster vapour decreasing for this extreme case. The average temperature trends are reported in Figure 9: higher 
levels correspond to the higher methane contents. The direct consequence is the increasing NO fractions with 
higher percentages of natural gas, as shown in Figure 10. The distributions in a bowl meridional section in Figure 
11 also confirm that the methane combustion in the 90% case induces higher temperature peaks in proximity of 
TDC with respect to the 50% case because of a sudden growing to a full combustion immediately after the pilot 
injection start. The Figure 12 shows the NO distribution at the same crank angle and the highest concentration is 
present in the 90% case, as expected. Finally, the CO and CO2 trends are shown in the Figure 13. For the CO the 
best solution is represented by the 90% case while the highest CO value occurs in the Full Diesel case. The CO2 
contents trends are in accordance with the indices calculated and shown in Table 7. 
Table 6.  Numerical test cases conditions  at 2000 rpm with different CH4 quantities 
CH4% )
m df 
(mg/cyc) 
m tot fuel 
(mg/cyc) 
Pilot 
Inj. 
Start 
ATDC 
Main 
Inj. 
Start 
ATDC 
D 
0 0.468 21.80 21.8 - 18.5 2.5 31.88 
28 0.505 15.58 21.64 -18.0 2.5 30.77 
50 0.530 10.88 21.76 -18.0 3.0 30.19 
72 0.531 5.60 20.00 -18.0 2.5 31.10 
90 0.531 2.02 20.20 -18.0 2,6 30.10 
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Figure 6.  Computational domain  and structured mesh                 Figure 7.  In-cylinder pressure cycles in FD and DF mode at different NG  rates          
                                                      Table 7. Numerical results 
CH4% 
IMEP 
(bar) 
Texh [K] 
at EVO 
CO 2% 
at EVO 
CO 2 Index 
[kg/kWh] 
0 6.77 1093 10.14 0.750 
28 6.49 1022 9.95 0.765 
50 6.77 1036 9.27 0.686 
72 6.61 1275 8.28 0.625 
90 6.03 1243 7.95 0.658 
4. A numerical - experimental comparison 
Finally, a comparison of numerical and experimental results have been performed and it puts into evidence that a 
good agreement can be found in terms of in-cylinder pressures, which present enhanced peaks at the highest values 
of methane (or NG) contents (Figure 14). In particular both experimental and numerical pressures exhibit a similar  
trend for each given NG rates: for low methane ratio (i.e., up to 50%) the pressure cycle is characterized by a double 
peak that is due to the delayed timing of the main injection of diesel oil. Such patterns also confirm that the ignition 
of the methane-air mixture is induced by the main diesel injection. In addition, both experimental and calculated 
curves are typical of a lean development of combustion that approaches the HCCI concept. On the contrary, like 
anticipated, at NG 90% the mixture ignition takes place after the pilot injection and thereforee in advance with 
respect to the TDC. This explains the presence of a single peak and, chiefly, the steeper pressure rise that is fairly 
predicted by the numerical simulation. The latter presents only a qualitative accordance with the experimental curve, 
probably due to a different wall temperature regime, but it is however capable to predict a much more severe 
behaviour that is close to a knocking inception. Such results also point out that the CFD based activities are able to 
predict the engine response to different rates of natural gas in dual fuel operation, independently of the actual engine 
geometry. The two engines, object of our study, present indeed a similar cylinder displacement but the volumetric 
pressure ratio is not exactly the same and the external duct shape exhibits some differences. By examining the CO2 
and NO levels (Figure 15), the CFD results show a reasonable agreement in terms of trend of variation of these 
species with the NG contents. Both numerical and experimental curves suggest a trend to NO increase for the higher 
ratios of CH4, while a slight decrease in the CO2 fraction occurs because of the diminished H/C ratio in the fuel 
blend. 
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Figure 8. Diesel Vapor mass and CH4 consumption rate 
       
             Figure 9. Average  temperatures at different CH4 contents       Figure 10. Computed NO fractions at different CH4 contents 
 
CH4 50% CH4 90% 
 
Figure 11. Temperature distributions [K] for different CH4 ratios at TDC 
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CH4 50% 
 
CH4 90% 
 
 
Figure 12. NO distributions [ppm] for different CH4 ratios at TDC 
 
  
Figure 13. Computed CO and CO2  fractions  at different NG contents 
   
Figure 14. Comparison of Pressure cycles at different CH4 rates 
5. Conclusions  
The combined employment of experimental data and numerical results from CFD cases allowed the authors to 
perform a comprehensive analysis of diesel engine response when supplied in dual fuel mode with variable rates of 
natural gas in the fuel air mixture entering the cylinders. Both approaches have put into evidence that for NG rates 
up to 50% the engine behaviour is almost similar to that in full diesel operation, both in terms of lean combustion 
development and as regards the nitric oxide formation. On the other hand, increasing the NG rate at 70 – 90 % levels 
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induces an engine behaviour that is comparable with the one of spark ignition engines close to knocking conditions 
with a sudden consumption of the natural gas in the reacting mixture and, consequently with a steep pressure rise.  
The experiments have also highlighted that a relevant increase in CO production occurs in the whole range of 
dual fuel mode. Of course, both numerical and experimental results exhibit a reduction in the CO2 indices. In the 
authors’ opinion the most significant indications that arise from this work refer to the fair agreement that has been 
observed between numerical and experimental data. Actually, both kinds of results have evidenced the noticeably 
different behaviour of the engine when increasing the natural gas ratio. Therefore, the numerical studies will 
represent, in the future authors’ activities, an effective tool for searching optimal solutions for the dual fuel 
operation (i.e, the most feasible NG rate, the optimal injection timing of the diesel oil, etc.) so addressing the 
experiments in order to validate the suggestions from the CFD based analysis. The methodology will be extended 
also to several liquid and gaseous fuels, like LNG, biodiesel and biogases. 
 
    
 
Figure 15. Comparison of experimental and numerical NO and CO2 fractions 
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